Abstract Insects have been identified as an economically sustainable high-value, and safe proteinrich alternative to fishmeal in compound feeds for farmed fish. Accordingly, the present study aimed to evaluate the effects of substitution of fishmeal with insect meal from Hermetia illucens in the diet of rainbow trout (Oncorhynchus mykiss), on fish growth performance, and gut microbiota composition. For this purpose, three diets, with increasing levels of insect prepupae meal inclusion (10%, 20% and 30%) in partial substitution of fishmeal and a control diet without insect meal were tested in a 12-weeks feeding trial. Fish growth and feed conversion ratio were evaluated. The Illumina MiSeq platform for highthroughput amplicon sequencing of 16S rRNA gene and QIIME pipeline were used to analyse and characterize the whole microbiome associated to aquafeeds, and fish gut. The number of reads taxonomically classified according to the Greengenes database was 1,140,534. We identified 450 OTUs at 97% identity in trout fecal samples; 62 OTUs constituted the core gut microbiota. Actinobacteria, Firmicutes and Proteobacteria represented the dominant phyla in both experimental groups. Among them, the abundance of Actinobacteria and Proteobacteria was significantly influenced by including insect meal in the diet. In summary, our findings clearly indicated that insect meal positively modifies fish gut microbiota, increasing its richness and diversity and in particular, increasing the amount of beneficial lactic acid-and butyrate-producing bacteria, which contribute to the global health of the host. In addition, based on our present and previous studies, we believe that the prebiotic effect of insect meal is principally due to fermentable chitin.
Introduction
Fishmeal is the optimal protein source for aquafeeds, being easily digestible and supplying almost a perfect balance of the essential nutrients required to ensure good health and low feed conversion ratios of farmed fish (Naylor et al. 2009 ). Fishmeal and fish oil are mainly obtained from wild-caught small marine fish species such as sardine, anchovy, herring, capelin, mackerel, etc.
Unfortunately, with the wild marine fish stocks at or above maximum sustainable yield, aquaculture can no longer rely on oceanic resources for the manufacturing of aquafeeds, and such feed options are not sustainable anymore from both, economic and ecologic point of view (Hardy 1999; Naylor et al. 2000; FAO 2018) .
To avert ecological harm from overexploitation of oceans and defray rising costs due to increased competition for fishmeal or reduced fishmeal production, fish farmers and commercial feed producers have made substantial efforts to reduce the proportion of fishmeal in feed formulations by replacing ground-up forage fish with protein and oils from terrestrial plants. Of these, soy bean meal, soy protein concentrate, wheat, wheat gluten, corn, canola, cottonseed, peas, lupines, and barley represent the most important alternatives to fishmeal (Gatlin et al. 2007; Tacon and Metian 2009; Naylor et al. 2009 ).
The main drawbacks of using vegetable-derived proteins in feeds for carnivorous fish are related to the low protein content, unbalanced essential amino acid profile (lysine and methionine), low palatability, and the presence of a wide variety of anti-nutritional factors. These could damage the intestinal tract, thus reducing nutrient absorption, and fish growth (Francis et al. 2001; Gatlin et al. 2007; Krogdahl et al. 2010; Zhang et al. 2013; Penn et al. 2011; Santigosa et al. 2011) . Therefore, to date, aquafeeds still contain substantial amounts of fishmeal and fish oil.
Moreover, the production of protein-rich plants for animal feed bears a considerable environmental cost in terms of arable land use, water, and energy consumption, which may impair the sustainability of these alternatives to fishmeal and fish oil (Naylor et al. 2009; Foley et al. 2011) . Potentially, cultivation of vegetable alternatives might also involve competing with other food-feed industry sectors (Cassidy et al. 2013; Schader et al. 2015) . All this has pressured the search for other alternatives to fishmeal of animal origin, including processed animal proteins (Yu 2008; Hartviksen et al. 2014; Rimoldi et al. 2018a ) and insect meals (Henry et al. 2015; Gasco et al. 2018a ).
Interest in using insects as animal feed is growing, mainly in the aquaculture sector. Compared to other animal protein sources, insects-in particular flieshave several advantages, which have attracted the attention of the aquafeed industry . In fact, insects, in addition to being part of the natural diet of fish, grow and reproduce quickly on lowquality organic products (agricultural or agro-industrial waste); they have a low ecologic impact (no need for arable land and low need for energy and water) with low emission levels of greenhouse gases and ammonia, high feed conversion efficiency, and low risk of transmitting zoonotic infections (Oonincx et al. 2010; van Huis et al. 2013; Oonincx and de Boer 2012) .
Produced by dried insect larvae, insect meal is extremely rich in proteins (60-80%), essential amino acids (EAA), vitamins, and minerals (Henry et al. 2015) . Insects are also a good source of lipids (31-43%); however, their total lipid content and fatty acid composition depend on rearing conditions and technological treatments (Meneguz et al. 2018) .
A recent EU commission regulation (2017/893-24/ 05/2017) authorized the use of 7 insects (2 flies, 2 mealworms, and 3 cricket species) in aquafeeds. Among the candidate species to produce insect meal, black soldier fly, Hermetia illucens (Hi), shows an essential aminoacid profile very similar to that of fishmeal (Henry et al. 2015) and is therefore considered a promising alternative protein source.
The larvae of Hi grow on different organic substrates, consuming twice their weight each day, and, at prepupal stage, they contain a very high percentage of protein (36-48% DM) and fat (31-33% DM), which can be reduced to 9-5% by defatting processes. Finally, but not less importantly, the entire larvae can be used without any slaughter waste (van Huis et al. 2013) .
Up to now, the potential of H. illucens as a valuable feed ingredient has been determined for several commercially important cultured fish species, including Atlantic salmon (Lock et al. 2016) , European sea bass (Dicentrarchus labrax) (Magalhaes et al. 2017) , yellow catfish (Pelteobagrus fulvidraco) (Xiao et al. 2018) , turbot (Psetta maxima) (Kroeckel et al. 2012) , and rainbow trout (Renna et al. 2017; Stadtlander et al. 2017) .
Actually, replacing up to 40% of fishmeal with H. illucens meal in salmon and sea bass (Lock et al. 2016; Magalhaes et al. 2017 ) and up to 50% in trout (Renna et al. 2017) does not negatively affect fish growth performance.
Beyond their nutritional value, insects contains bioactive compounds that seem to be able to modulate microbiota and to have positive effects on animal health (Gasco et al. 2018b ) For instance, insects are rich in chitin, a mucopolysaccharide polymer consisting of b-1,4-linked N-acetylglucosamine units (GlcNAc) and structurally analogous to cellulose (Goycoolea et al. 2000) .
Chitin is the primary constituent of the exoskeleton of arthropods and is estimated as the second most abundant biomass in the world after cellulose (Rinaudo 2006) .
Most fish do not degrade chitin, which can be therefore considered an insoluble fiber with potential prebiotic properties that could help to maintain a balanced and healthy gut microbiota. The gut microbiota, in turn, plays an important role in its host metabolism contributing to the digestion of otherwise indigestible feed components leading to the synthesis of short-chain fatty acids (SCFAs) that represent the main energy source for intestinal epithelial cells (Ghanbari et al. 2015) . Gut microbiota is involved in intestinal mucosa development and maturation, immunity, and disease resistance, too (Maslowski and Mackay 2010; Llewellyn et al. 2014) .
Furthermore, chitin and its deacetylate derivate chitosan, have antimicrobial properties and a bacteriostatic effect on several harmful Gram-negative bacteria (Nawaz et al. 2018; Udayangani et al. 2017; Zhou et al. 2013; Qin et al. 2014) .
Besides chitin, black soldier prepupae contain high amounts of lauric acid (C12:0), a medium-chain fatty acid (MCFA) known for its antimicrobial effects on Gram-positive bacteria (Skrìvanova et al. 2005 (Skrìvanova et al. , 2006 Spranghers et al. 2018) . Therefore, based on this evidence, it is realistic to expect that partial replacement of fishmeal with insect meal will positively affect fish intestinal microbiota.
Although numerous nutritional studies have been conducted to establish the effect of including insect meal in the diet on fish growth performance (Henry et al. 2015) , less information is available on how insect meal can modulate the composition of intestinal microbiota (Bruni et al. 2018) .
Accordingly, the present research aimed to investigate the effects of substituting fishmeal with insect meal in the diet of rainbow trout on fish growth performance, digestibility and the gut microbiota.
Methods

Ethics statement
The animal experiments described comply with the guidelines of the European Union Council ( 
Experimental diets
Black soldier fly (Hermetia illucens) larvae were grown on a substrate of fruit and vegetables provided by the wholesale market of Milano (Milano Ortomercato). At the prepupal stage, larvae were harvested and then processed under controlled conditions to be transformed into insect meal.
Hermetia illucens (Hi) meal was partially defatted by using a mechanical process based on high pressure and without use of solvents. Four diets were formulated with increasing percentages of Hi larvae meal as substitutes for fishmeal. Specifically, one control diet with 0% (Hi 0) and three experimental diets with 10% (Hi 10), 20% (Hi 20), and 30% (Hi 30) of Hi meal (as fed basis inclusion) were formulated to be isonitrogenous [crude protein (CP): about 49 g/100 g dry matter], isolipidic [ether extract (EE): about 18 g/ 100 g dry matter] and isoenergetic [gross energy (GE) about 22.90 MJ/kg DM]. In order to maintain diets isonitrogenous, isolipidic and isoenergetic, and due to the different chemical composition of Hi compared to FM, with the increase of Hi meal inclusion, soybean oil and wheat bran were modified.
All feeds were prepared at the experimental facility of the Department of Agricultural, Forest and Food Science (DISAFA) of the University of Turin (Italy). Briefly, the grounded ingredients and oils were thoroughly mixed; water was then added to the mixture to attain an appropriate consistency for pelleting. Cold pellets were obtained using a 2.5 mm die meat grinder and dried at 50°C for 48 h. The diets were stored in dark bags at -20°C until utilisation. Table 1 shows the principal ingredients and proximate composition of Hi meal and the tested diets.
Analysis of feed samples for dry matter (DM) (AOAC #934.01), CP (AOAC #984.13) and ash (AOAC #942.05) contents were performed according to AOAC International (AOAC 2000); EE (AOAC #2003.05) was analyzed according to AOAC International (AOAC 2003) . Chitin (CHI) was estimated as ash-free ADF (acid detergent fiber) -ADFN 9 Nfactor (Finke, 2007) . The GE content was determined using an adiabatic calorimetric bomb (C1 (3/10); IKA, Staufen, Germany).
The amino acid composition of the four experimental diets is shown in Table 2 . Total amino acid composition was determined using a Nexera X2 Simadzu HPLC system (Shimadzu-Europe S.r.l) equipped with a quaternary pump (Model LC-30AD Shimadzu-Europe S.r.l), connected to degasser (DGU-5AR, Shimadzu-Europe S.r.l) a programmable fluorescence detector (Model RF-20AX5 ShimadzuEurope S.r.l) (excitation 250 nm, emission 395 nm), and a temperature control module. The analysis was performed according to the method described by Rimoldi et al. (2018a) , with the only exception that, in The fatty acid profiles of defatted Hi larvae meal and four tested diets are reported in Table 3 . Total lipids were extracted according to Folch et al. (1957) . Fatty acid methyl esters (FAME) were prepared by acid-catalysed transmethylation of total lipids according to Santha and Ackman (1990) and the individual fatty acids were identified by gas chromatography according to Rimoldi et al. (2018a) . For identification, their retention times were compared to that of a standard FAME mixture (Supelco 37 Component FAME mix, Sigma Aldrich, Italy) and their relative proportions determined. Each sample was analysed in triplicate and the results were expressed as percentage of total detected fatty acids.
Fish and feeding trial
A 12-week feeding trial was performed on 348 rainbow trout with an initial mean body weight of 66.5 ± 1.7 g. Fish were randomly distributed in 12 indoor rectangular fiber-glass tanks of 1 m 3 connected to a flow-through open system supplied with artesian well water (constant temperature of 13 ± 1°C, 8 L min -1 ). Dissolved oxygen was measured regularly and ranged between 7.6 and 8.7 mg L -1 . After 7 days of acclimatization, fish were fed twice daily (6 days per week) for 12 weeks with four experimental diets in triplicate (3 tanks/diet). Feed was manually distributed and feeding rate was restricted to 1.5% of biomass for the entire duration of the experiment. To update the daily feed ratio, fish from each tank were weighed in bulk every 14 days. Mortality was checked every day. At the end of the feeding trial all fish were individually weighed to calculate weight gain (WG = final body weight -initial body weight), specific growth rate (SGR = 100 9 [ln (final body weight) -ln (initial body weight)]/days]), and feed conversion ratio (FCR = feed intake/WG).
Digestibility trial
The apparent digestibility coefficients (ADC) of DM, CP and EE of each diet were assessed through an in vivo digestibility trial. To this scope, one-hundred and eighty trout were allocated into twelve 250-L cylindroconical tanks connected to the same open water system of the growth trial. After 14 days of acclimatization with the experimental diets, the fish were fed by hand to visual satiety twice a day. The ADC were measured using the indirect acid-insoluble ash method; 1% Celite Ò (Fluka, St. Gallen, Switzerland) was added to the diets as inert marker in substitution of 1% of starch gelatinized. (D500). The faeces were collected daily from each tank for three consecutive week, using a continuous automatic device, as described by Renna et al. (2017) . The faeces were freeze-dried and frozen (-20°C) until analysed and ADC calculated as reported in Renna et al. (2017) .
Sample collection
At the end of the trial, 2 fish per replicate (6 fish/diet) were sampled and euthanized with 320 mg/L of tricaine-methasulfonate (MS-222, Sigma-Aldrich, Italy). Before dissection, the external surface of each fish was wiped with 70% ethanol to avoid any accidental contamination from external body surface microflora. The intestine (excluding pyloric ceca) was aseptically removed with alcohol-disinfected instruments from each fish and squeezed to collect the fecal matter. The samples were collected in sterile tubes containing XpeditionTM Lysis/Stabilization Solution (Zymo Research) at a ratio of 1:3 and stored at room temperature until analysis.
Gut microbiome analysis
The high-throughput sequencing of 16S rRNA gene was applied to analyse and characterize the complex gut microbial communities of rainbow trout fed for 12 weeks with four different diets.
DNA extraction
The bacterial DNA was extracted from 250 mg of feces and 200 mg of each tested feeds using DNeasy PowerSoil Kit (Qiagen, Italy), according to the n -3/n -6 0.14 1.22 1.11 1.00 0.89 manufacturer's instructions. The samples were lysed in PowerBead Tube by means of a TissueLyser II (Qiagen, Italy) for 2 min at 25 Hz. As negative control of the extraction procedure, a sample with only lysis buffer was processed in parallel with samples. The concentration of extracted DNA was measured using NanoDrop TM 2000 Spectrophotometer (Thermo Scientific, Italy) and stored at -20°C until the PCR reaction was performed.
Illumina NGS library preparation 16S amplicon libraries, targeting the V3-V4 region of the bacterial 16S rRNA gene were prepared following the Illumina protocol ''16S Metagenomic Sequencing Library Preparation for Illumina MiSeq System'' (#15044223 rev. B).
Bacterial 16S rRNA gene amplicons were generated in 25 lL PCR using Platinum Ò Taq DNA Polymerase High Fidelity kit (Thermo Fisher Scientific, Italy) and tailed using forward and reverse primers: Pro341F (5 0 -tcgtcggcagcgtcagatgtgtataagagacagcctacgggnbgcascag-3 0 ), and Pro805R (5 0 -gtctcgtgggctcggagatgtgtataagagacaggactacnvgggtatctaatcc-3 0 ) selected by Takahashi et al. (2014) . The entire procedure for 16S rRNA gene library preparation and sequencing is described in Rimoldi et al. (2018a) . However, briefly, Illumina paired-end adapters with unique Nextera XT indexes were ligated to 16S amplicons using Nextera XT Index Kit (Illumina, San Diego, CA). All libraries were then subjected to quality control using qPCR using KAPA Library Quantification Kits for Illumina Ò platforms (Kapa Biosystems Ltd, UK), pooled at equimolar concentrations and diluted to 6 pM. Pooled libraries were then multiplexed and sequenced on an Illumina MiSeq platform (Illumina) with paired-end 2 9 300 bp sequencing chemistry.
Raw sequencing data analysis
Raw FASTQ sequencing data were processed using the open-source bioinformatics pipeline QIIME v1.9.1 (Caporaso et al. 2010) at the default setting. To reconstruct the original amplicons, overlapping paired reads were joined using FLASH v1.2.11 software (http://sourceforge.net/projects/flashpage) and filtered for base quality (Q [ 30). The remaining high-quality sequences were aligned to the Greengenes reference database v.13.8 (http://greengenes.lbl.gov) using QIIME script 'pick_closed_reference_otus.py' with an identity percentage C 97% to select the operational taxonomic units (OTUs). Only the OTUs that represented at least 0.005% of total reads were kept. The taxonomical classification was performed down to the species level. The final OTU-table output files, containing the relative abundance of each OTU, were created using the custom script 'summarize_-taxa_through_plots.py'. OTUs assigned to the phylum Cyanobacteria (class Chloroplast) and to mitochondria were removed from the analysis as they are considered plant contaminants. Advanced analysis was performed using the QIIME script 'core_diversity_-analyzes.py' at the default setting reported by Rimoldi et al. (2018a) . Alpha diversity metrics were calculated based on a rarefied OTU table (rarefied at the lowest sample size) using 'Good's coverage', 'observed species', 'Chao1 index' (species richness estimator), 'PD whole tree', and 'Shannon and Simpson diversity indices'. The variation in species composition between communities (beta diversity) was assessed by applying weighted (presence/absence/abundance matrix) and unweighted (presence/absence matrix) UniFrac distance matrices (Lozupone and Knight 2005; Lozupone et al. 2007 ). The distance matrices were visualized by principal coordinate analysis (PCoA) three-dimensional plots.
The common core microbiome (OTUs shared regardless of the diet and found in at least five out of the six samples per dietary group) was identified and visualized by a Venn diagram drawn using the web tool http://bioinformatics.psb.ugent.be/webtools/ Venn/.
Statistics
All data were tested for normality and homogeneity of variances by Shapiro-Wilk's and Levene's test, respectively. Differences between two groups were analysed by one-way ANOVA followed by TukeyKramer post hoc test or by nonparametric KruskalWallis and Dunn's post hoc test, depending on normality and homoscedasticity of the data. Statistical significance was set at p \ 0.05. All analyses were performed using Past3 software (Hammer et al. 2001) .
The number of reads across samples was normalized by sample size and the relative abundance (%) of each taxon was calculated. Only those taxa with an overall abundance of more than 1% (up to family level) and 0.5% at genus level were considered for statistical analysis. Before being statistically analysed, the resulting microbial profiles were calculated as the angular transformation (arcsine of the square root). Differential abundance analysis of OTUs between groups was performed using MetagenomeSeq (R package). Significances (p \ 0.05) were identified by Fisher's test and applying the Benjamini-Hochberg-False Discovery Rate (FDR) correction.
Multivariate analysis of beta diversity was tested using non-parametric analysis of similarities (ANO-SIM) and Adonis tests with 999 permutations. Both tests were available with the QIIME script 'compare_categories.py'.
Results
Diets
Despite varying proportions of fishmeal replacement with Hi meal, all diets tested had similar amino acid profiles and no deficiency or imbalanced levels of essential amino acids (EAA) were found (Table 2) . Specifically, concerning EAA content, tyrosine (Tyr), cysteine (Cys), and methionine (Met) increased at increasing levels of dietary Hi inclusion, whereas histidine (His), threonine (Thr), valine (Val), isoleucine (Ile), leucine (Leu), and phenylalanine (Phe) remained constant.
Growth performance and feed conversion efficiency During the 12 weeks of feeding fish promptly accepted the experimental diet and mortality was negligible, i.e., lower than 1%. At the end of the feeding trial, all fish had tripled their initial body weight, and growth performance parameters (WG and SGR) were not affected by diet composition (Table 4) . Similarly, FCR was comparable among the treatments and remained lower than 1 in all groups, meaning that all fish grew efficiently and including the H. illucens meal did not negatively affect diet palatability.
Digestibility trial
No differences were reported among treatments for the ADC values of nutrients (Table 5) . CP digestibility was high and above 90% in all treatments.
Bacterial community profile of feeds QIIME analysis on NGS raw data of bacteria associated to feeds revealed that the microbial profile of the BWi initial body weight, BWf final body weight, WG weight gain, SGR specific growth rate, FCR feed conversion ratio (Fig. 1a) . Accordingly, a high percentage of Enterobacteriaceae (30.9%), Pseudomonadaceae (8.4%), and Vibrionaceae (5.6%) was found in the control diet, while feeds containing Hi meal showed high amounts of bacteria belonging to Bacillaceae (21-25%), Enterobacteriaceae (10-11%), Lactobacillaceae (6-7%), Staphylococcaceae families (9-11%), and Actinomycetaceae (12-16%) (Fig. 1b) . At the genus level, Erwinia (15.5%), Photobacterium (5.6%), Pseudomonas (8.4%), and Acinetobacter (4.5%) were the most abundant genera found in the Hi 0 diet. Feeds supplemented with Hi meal were instead characterized by a high relative abundance of Actinomyces (11-16%), Bacillus (21-25%), Corynebacterium (5-6%), Lactobacillus (3%), and Staphylococcus (9-11%) (Fig. 1c) .
Analysis of gut microbiota structure
The 24 fecal samples were sequenced on one pairedend MiSeq run (Illumina, Italy) and the sequencing raw generated were analysed using the QIIME pipeline. While analysing the bioinformatics data, one Hi 0 and two Hi 30 samples were discarded after the OTU selection step due to an insufficient number of sequences. The total number of filtered reads taxonomically classified was 1,140,534, which corresponded to an average number of 54,311 ± 16,607 reads per sample (Table 6 ). Four hundred fifty OTUs at 97% identity were identified in trout fecal samples (Online Resource 2). The Good's coverage value was [ 0.99, indicating that the coverage degree of the MiSeq sequencing was high and the number of OTUs identified was representative of all microbial communities in each dietary group. All sequencing data as fastq files were deposited in the European Nucleotide Archive (EBI ENA) public database under the accession code: PRJEB28677. The core gut microbiota, i.e., OTUs present in at least 80% of fecal samples and shared regardless of the diet, was constituted by 62 OTUs (Fig. 2) . Among these, 23 OTUs were common to 100% of samples, showing a dominance of Firmicutes (15 OTUs) (Online Resource 3).
After removing those reads assigned to eukaryotic taxa, the whole microbial community profile of fecal samples was mainly comprised of 7 phyla, 12 classes, 26 orders, 68 families, 98 genera, and 55 species (Online Resource 2). However, considering only the most representative taxa, with an overall abundance of more than 1% at phylum, class, order, and family level and more than 0.5% at genus and species level, the overall gut microbial community consisted of 3 phyla, 6 classes, 7 orders, 21 families, 15 genera, and 8 species. The intestinal microbial community profiles of each dietary group and individual fish are presented at the phylum (Fig. 3) , family (Fig. 4) , and genus (Fig. 5) level. The mean relative abundance changes between groups at species level were excluded from analysis as they were not considered to be informative because of the remarkable number of unassigned sequences found (77-91%).
A sequencing depth of 25,441 reads per sample was considered to elaborate alpha rarefaction curves (Online Resource 4) and analyze the effect of insect Table 6 Number of reads per sample assigned to OTUs, good's coverage value, and alpha diversity metrics values (normalized at the lowest sample size: 25,441 sequences) of gut microbial community of rainbow trout fed Hi 0 (n = 5), Hi 10 (n = 6), Hi 20 (n = 6), and Hi 30 (n = 4) diets for 12 weeks meal-based diets on diversity within microbial populations (alpha diversity). H. illucens meal administration significantly increased the number of observed species, species richness (Chao1 index) and entropy (Shannon and Simpson diversity indices) with respect to control Hi 0. Similarly, phylogenetic diversity (PD whole tree index) improved in Hi 10, Hi 20, and Hi 30 samples compared to the control group (Table 6 ). Strong differences were also detected between microbial communities (beta diversity) both in type (unweighted UniFrac) and relative abundance (weighted UniFrac) of taxa. As displayed in unweighted and weighted UniFrac PCoA plots, PC1 and PC2 together explained 56% and 83% of the variation between individuals, respectively (Fig. 6 ). In particular, fecal samples from Hi 10, Hi 20, and Hi 30 groups clustered together and separately from control Hi 0 (Fig. 6) . The permutational multivariate analysis Adonis fully confirmed the PCoA plots results, revealing a significant difference in gut microbial communities between experimental groups (Hi 10, Hi 20, and Hi 30) and their control Hi 0 (R 2 [ 0.43, p \ 0.05). Similarly, the ANOSIM test was significant for both the unweighted and weighted Unifrac distance matrix (R [ 0.70, p \ 0.05) when control Hi 0 was compared to any other feeding group. Results of pairwise statistical analysis on phylogenetic distances are summarized in Table 7 .
Effects of H. illucens supplemented diets on intestinal microbial communities
The gut microbial community of our trout was mainly dominated, regardless of the diet, by three phyla: Actinobacteria, Firmicutes and Proteobacteria (Fig. 3) . Among them, the amounts of Actinobacteria and Proteobacteria were significantly influenced (p \ 0.05) by including insect meal in the diet (Fig. 3a, Table 8 ). Specifically, the relative abundance of Actinobacteria was higher in fish fed with diets containing Hi meal than in control Hi 0. Conversely, 20% and 30%, but not 10%, of fishmeal substitution with insect meal caused a significant decrease in Proteobacteria abundance compared to the fishmealbased dietary group, whose gut microbiota was instead enriched with bacteria belonging to the Alphaproteobacteria and Gammaproteobacteria classes (Table 8) . At the family level, Hi dietary inclusion was associated with an increased proportion of Actinomycetaceae, Brevibacteriaceae, Corynebacteriaceae, and Microbacteriaceae (Table 8 , Fig. 4 ). Among Actinomycetales, only Propionibacteriaceae were not enriched in the intestinal bacterial microflora of three Hi groups of fish in comparison to controls. Higher percentage of bacteria assigned to Planococcaceae and Staphylococcaceae were found in the gut of trout fed with diet Hi 20 and Hi 30, while the number of Bacillaceae was only slightly negatively affected by insect meal-based diets (Fig. 4a, Table 8 ).
In fish fed with insect meal, a higher percentage of Lactobacillales was found. The increased proportion of Lactobacillales was due to a significant enrichment in lactic acid bacteria (LAB) belonging to the Aerococcaceae, Enterococcaceae, Lactobacillaceae, and Leuconostocaceae families in comparison to the control group. In contrast, fish fed the Hi 0 diet were characterized by a higher percentage of Carnobacteriaceae and Streptococcaceae (Fig. 4a, Table 8) . Similarly, the proportion of Enterobacteriaceae was Fig. 3 Relative abundance (%) of the overall most prevalent bacterial phyla in each dietary groups (a) and in individual fish (b). In the figure, all taxa with an overall abundance of C 1% were reported significantly (p \ 0.05) higher in the control group, so much so that they represented the dominant bacterial family (50.4 ± 8.57%) in these samples (Fig. 4a,  Table 8 ).
Accordingly, the number of bacteria assigned to Actinomyces, Brevibacterium, Corynebacterium, Leucobacter, and Staphylococcus genera were positively influenced by dietary Hi meal supplementation (Fig. 5, Table 8 ). Among LAB, Facklamia, Enterococcus, Lactobacillus, and Pediococcus genera were significantly enriched in the Hi 10, Hi 20 and Hi 30 samples (Fig. 5a, Table 8) . At the species level, the number of unassigned bacteria ranged between 80 and 90% thus making a comparison between the two groups meaningless at this taxonomical level. To identify the between-group differences, the mean relative abundances of individual OTUs were also compared. Statistically significant changes were found only between insect meal groups versus control Hi 0; the results of Fisher's test are reported in Online Resource 5. Relative abundance of 94 OTUs was influenced by dietary Hi meal supplementation (p \ 0.05). Interestingly, several OTUs, assigned to presumably beneficial bacterial species, were positively correlated to insect-meal diets. In particular, the relative abundance of Corynebacterium variabile, Lactobacillus paraplantarum, Lactobacillus zeae, Weisella cibaria, Clostridium butyricum, and 
Discussion
The unbalanced EAA profiles and the presence of several anti-nutrients in plant feedstuffs have pressured the search for other valuable alternatives to fishmeal in aquafeeds of animal origin. Compared to conventional terrestrial animal proteins, insects seem to be more promising thanks to numerous advantages, above all their high nutritional value and their sustainability (van Huis et al. 2013 ). In particular, among insects, the EAA profiles of Diptera, such as Hermetia illucens (Hi), is considered close to that of fishmeal (Gasco et al. 2018a) . Therefore, in the last few years, the aquaculture industry has become increasingly interested in using insects to replace fishmeal in aquafeed.
Several reviews on the use of insect meal as feed ingredient in farmed fish are currently available (Makkar et al. 2014; Sánchez-Muros et al. 2014; Barroso et al. 2014; Henry et al. 2015; BarraganFonseca et al. 2017; Gasco et al. 2018a; Lock et al. 2018) . Recently, some studies investigated the effect of partial fishmeal substitution with Hi meal on fish growth performances, feed utilization, and digestibility, showing that insect meal effectively supports fish growth (Lock et al. 2016; Magalhaes et al. 2017; Renna et al. 2017; Stadtlander et al. 2017; Belghit et al. 2018; Xiao et al. 2018) .
All the experimental diets were well accepted (no palatability issues) by fish, which tripled their initial body weight. In agreement with previous studies conducted on rainbow trout (Stadtlander et al. 2017; Renna et al. 2017) , dietary inclusion of defatted Hi prepupae meal up to 30% did not affect growth performance or digestibility. Moreover, FCR values in all four feeding groups were 0.9, which is much lower than the estimated FCR average value of 1.3 for In all treatments, the nutrient digestibility was very good and no differences were found for any of the analysed parameters. The maximum chitin level reached in Hi 30 diet (1.51 g/100 g DM) resulted lower than the threshold level of 2%. According to Renna et al. (2017) a chitin level higher that 2% contributes to a decrease of crude protein digestibility. In salmon, Hi could replace up to 100% of dietary fishmeal (corresponding to 25% of inclusion) without any significant effect on growth when methionine and lysine were added to the diet (Lock et al. 2016) . In yellow catfish, a diet in which fishmeal protein was replaced by 25% of Hi meal even gave the greatest growth performance and immune indices compared with the control diet containing 40% of fishmeal (Xiao et al. 2018) .
Although the suitability of Hi prepupae meal, as feed ingredient, was mainly assessed in freshwater species, some evidence exists for including up to 30% even in the diet of marine fish species, such as seabream (Sparus aurata), and European sea bass (Magalhaes et al. 2017) . Therefore, the growth performance data reported in our study are in line with the aforementioned studies and should not be surprising.
Reduced fish growth rate is usually due to a deficiency in lysine or methionine or to an imbalanced level of EAA in the diet. In our feeding trial, independently of Hi meal dietary inclusion, the amino acid profile of experimental diets correlated well with trout requirement values (NRC 2011) , showing lysine and methionine levels comparable to control fishmealbased diet.
More interesting would be to prove that dietary Hi meal inclusion could modulate gut microbiota, improving the health status of trout. Insects contain chitin that is a mucopolysaccharide polymer hardly digested by many fish species, but including chitin in the diet could stimulate the growth of beneficial bacteria and inhibit pathogens in the fish intestine (Askarian et al. 2012; Zhou et al. 2013; Karlsen et al. 2017) .
Besides chitin, Hi prepupae contain also high levels of lauric acid (C12:0), a MCFA whose antimicrobial activity against Gram-positive bacteria is well known (Skrìvanova et al. 2005 (Skrìvanova et al. , 2006 . Despite that, up to now, the data available regarding the effect of an insect-based diet on intestinal microbial composition in fish are limited (Bruni et al. 2018) . Therefore, in this perspective, our research represents a valuable contribution that could help to fill this knowledge gap.
To this aim, high-throughput 16S rRNA gene amplicon sequencing was applied to define the gut microbial community profile of trout fed diets with increasing percentages of Hi meal to replace fishmeal.
Several studies have reported that the density and composition of the microbiome varied along the gastrointestinal tract of fish (Nielsen et al. 2017; Wang et al. 2018; Egerton et al. 2018) . Therefore, to be sure to obtain the maximum number of bacterial species representative of total gut microbiota of trout, the metagenomics sequencing was performed on fecal matter.
In line with previous studies, our metagenomic analysis indicated that gut microbiota of rainbow trout was dominated by Firmicutes, Proteobacteria, and Actinobacteria, regardless of the diet administered (Desai et al. 2012; Wong et al. 2013; Rimoldi et al. 2018a; Bruni et al. 2018; Ingerslev et al. 2014a, b) . These phyla together with Bacteroidetes usually represent up to 90% of fish intestinal microflora in different marine and freshwater species, constituting the ''core gut microbiota'' (Wong et al. 2013; Li et al. 2014; Givens et al. 2014; Ghanbari et al. 2015; Ringø et al. 2016) .
In our study the partial substitution of fishmeal with 10%, 20%, or 30% of a defatted Hi prepupae meal in the trout diet had an important effect in modulating the intestinal microbial communities, in agreement with the majority of studies assessing alternative dietary protein sources in aquafeeds (Desai et al. 2012; Hartviksen et al. 2014; Estruch et al. 2015; Apper et al. 2016; Torrecillas et al. 2016; Gajardo et al. 2017; Rimoldi et al. 2018a) .
Diet composition is an especially relevant factor in shaping the gut microbiota composition in both mammals and fish (Nayak 2010; Clements et al. 2014) . Specifically, dietary administration of Hi meal increased gut microbial richness (Chao1, observed OTUs) and diversity (Shannon and Simpson indices). Equally, Bruni et al. (2018) found in trout that an increase in intestinal bacterial diversity and richness was associated with dietary administration of 20% or 40% of Hi meal, although the diversity generated in their study using the denaturing gradient gel electrophoresis (DGGE) was much lower than what we obtained by NGS of 16S rRNA gene.
In line with our findings, improved gut microbial diversity was found in zebrafish (Danio rerio) fed a diet to which chitosan, the deacetylated form of chitin, was added compared to control group (Udayangani et al. 2017) . Similarly, the dietary inclusion of 5-20% of chitin in Atlantic cod (Gadus morhua) and salmon increased intestinal microbial community diversity (Askarian et al. 2012; Ringø et al. 2012; Zhou et al. 2013 ).
In general, high gut microbial richness and diversity are considered positive and desired features because they are usually associated with a healthy status of the host. Conversely, reduced diversity is frequently related to several diseases, as there may be less competition for incoming pathogens, thus favouring their colonization of the gastrointestinal tract of fish (Sekirov et al. 2010; Apper et al. 2016) . Considering the chitin content in insect meal, this evidence should not be surprising. It has been widely demonstrated that indigestible dietary carbohydrates contribute to the health of the gut microbiome by increasing diversity.
The relative abundance of microbial taxa was also significantly influenced by dietary inclusion of insect meal. Indeed, multivariate analysis of bacterial communities revealed a significant relationship between dietary insect meal inclusion and microbiota associated with the fish intestine. Both weighted and unweighted UniFrac PCoA plots showed that all treatment groups (Hi 10, Hi 20, and Hi 30 samples), independently of Hi inclusion, clustered together and separately from control samples.
The analysis of microbiota on our samples showed a significant increase in Firmicutes and Actinobacteria in the intestine of trout fed with Hi meal whereas Proteobacteria phylum, mainly represented by the Gammaproteobacteria class, dominated the microbiome of control fish.
Several studies have demonstrated that plant ingredients in the diet were often associated with a higher Firmicutes:Proteobacteria ratio in comparison to animal protein-based diet, which instead favoured the presence of Proteobacteria (Heikkinen et al. 2006; Desai et al. 2012; Ingerslev et al. 2014a, b; Rimoldi et al. 2018a) .
Similarly, the control diet was characterized by a higher amount of Gammaproteobacteria, while the three insect-based feeds contained greater percentages of Bacilli, belonging to Firmicutes phylum. This can be in partly explained by the fact that insect larvae were reared on vegetable substrates.
Firmicutes include different genera of lactic acid bacteria (LAB), for example Streptococcus, Lactobacillus, Leuconostoc, and Carnobacterium, which are generally considered beneficial microorganisms and used as probiotics for fish and for other vertebrates (Ringø and Gatesoupe 1998; Kim et al. 2012) . We don't exclude the influence of feed's microbiota on trout's gut microbiota, since the diets used in our study were prepared by cold pelleting (max 50°C), without any heat inactivation of microbial activity at high temperatures applied in case of feed extrusion.
In accordance with our results, Bruni et al. (2018) reported changes in associated intestinal bacterial communities of the Hi-fed groups, finding LAB only in the fecal samples of trout fed with insect meal, but not in the control group. The increasing number of LAB could be promoted by chitin, which acts as a prebiotic.
Indeed, Atlantic salmon fed a 5% chitin diet showed a dominance of lactobacilli and Carnobacterium genus at the intestinal level (Askarian et al. 2012; Ringø et al. 2012) . In zebrafish fed chitosan nanocomposites a significant reduction in Proteobacteria phylum was observed, while Fusobacteria and Bacteroidetes were notably increased as compared with controls receiving no chitin (Udayangani et al. 2017) .
Our Hi-fed trout presented an increased relative abundance of Lactobacillales, mainly represented by Lactobacillaceae, Leuconostocaceae, Aerococcaceae, and Enterococcaceae families. Leuconostocaceae and Lactobacillaceae bacteria play an important role in degrading indigestible carbohydrates, such as resistant starch and dietary fiber, thus contributing to a more efficient food energy utilization.
In addition, the increased number of LAB could have an active role in host defence against pathogenic bacteria, such as Staphylococcus aureus, Streptococcus agalactiae, and Pseudomonas aeruginosa. It is known that LAB produce bactericidal compounds such as lactic acid hydrogen peroxide, and bacteriocins or biosurfactants, which create a biofilm able to prevent pathogens from adhering to the intestinal surface (Gudiña et al. 2015) .
In contrast to what Bruni et al. (2018) observed, fish receiving Hi meal did not show any enrichment in bacteria assigned to Carnobacterium and Pseudomonas genera. Among LAB, we found instead an increase in Lactobacillus, Enterococcus, Facklamia, and Pediococcus genera in the digesta samples of insect meal groups.
In addition to LAB, several genera belonging to the Actinobacteria phylum, specifically Actinomyces and Corynebacterium, were enriched in the intestine of these fish. Interestingly, bacteria affiliated with actinomycetes are often identified as chitin degraders and accordingly to our results they displayed enhanced growth upon adding chitin to the growth substrate (Beier and Bertilsson 2013) . Overall, 94 OTUs were influenced by dietary Hi meal supplementation. Intriguingly, most of those assigned to beneficial bacterial species correlated positively to insect-meal diets.
In particular, Corynebacterium variabile, Lactobacillus paraplantarum, Lactobacillus zeae, Weisella cibaria, Clostridium butyricum, and Clostridium fimentarium were enriched in the gut of trout fed Hi meal. The order Clostridiales includes many butyrate producers within four families, Ruminococcaceae, Lachnospiraceae, Clostridiaceae, and Eubacteriaceae. Although not all of the genera within these families are butyrate producers, microorganisms belonging to Clostridium genus, such as Clostridium butyricum, are indeed butyrogenic (Pryde et al. 2002; Esquivel-Elizondo et al. 2017) .
Butyrate is considered the most important SCFA due to its numerous positive and well-documented properties on the health of the intestinal tract and peripheral tissues in vertebrates, including fish (Mátis et al. 2013 ). Butyrate is the major energy source for colonocytes, has anti-inflammatory potential and plays a key role in regulating the immune system (Wong et al. 2006; Hamer et al. 2008; Canani et al. 2011; Terova et al. 2016; Rimoldi et al. 2016) . Recently, in laying hens, Borrelli et al. (2017) demonstrated that insect meal administration might affect the level of SCFAs, in particular increasing butyrate and propionate, because of modulation in the microbial population.
As aforementioned, besides chitin, insect meal is rich in lauric acid that is a MCFA particularly active against Gram-positive bacteria (Skrivanova et al. 2005; 2006) . Indeed, in the current trial increasing inclusion of Hi meal increased lauric acid content in the diets. The dietary content of lauric acid, particularly in Hi 20 and Hi 30 diets, could reasonably have affected gut microbiota composition. For example, in a recent study conducted on porcine gut microbiota, Spranghers et al. (2018) reported that black soldier fly prepupal fat at an inclusion level of 0.58 g/100 ml medium (corresponding to 0.58 g C12:0/100 ml), had a substantial antibacterial effect against D-streptococci. Furthermore, our group, recently demonstrated in an in vivo study with gilthead sea bream that a specific mixture of 1-monoglycerides of short-and medium-chain fatty acids (from C3 to C12), added at 0.5% to the diet, positively modulated fish gut microbiota by increasing the number of beneficial lactic acid bacteria, and reducing Gammaproteobacteria (Rimoldi et al. 2018b) .
Lastly, even insects rearing condition may have modulated fish intestinal microbiota composition. Vogel et al. (2018) , indeed, found a diet-dependent expression profile of antimicrobial peptides (AMPs) in H. illucens larvae. In vitro tests showed a strongest inhibition of Gram-negative bacteria for the extracts of H. illucens larvae reared on high-protein and cellulose diets, whereas the highest inhibitory activities against Gram-positive bacteria were found in larvae reared on chitin, cellulose, bacteria and plant oil.
In conclusion, our results indicate that dietary inclusion of Hi prepupae meal up to 30% is well tolerated by rainbow trout without affecting growth performance. Dietary Hi meal positively modifies fish gut microbial composition, increasing its richness and diversity. In particular, including insect meal increases the amount of lactic acid-and butyrate-producing bacteria that contribute to the global health of the host. In addition, based on our present and previous studies, we believe that the prebiotic effect of insect meal is principally due to fermentable chitin.
